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Abstract: With growing concern about risks related to energy security around the world, the devel-
opment of hydrogen cooperation between India and Japan has become very important to ensure
the economic security of the two countries and to deepen economic cooperation. This study visu-
alizes the costs and economic issues involved in transporting Ammonia from India to Japan and
discusses the policy support needed to establish a hydrogen supply chain between the two coun-
tries. If Hydrogen production is conducted in Gujarat and Ammonia production is conducted using
Haber-Bosch at a large-scale Ammonia plant, the price of Ammonia at the port of Tokyo can be
reduced to 572 USD/mt-NH? if highly competitive renewable energy is utilized. For evaluating
the characteristics of Ammonia produced in India, high contribution to greenhouse gas reduction,
low transportation risk along transportation routes, and contribution to the diversification of en-
ergy procurement in Japan should be evaluated economically, and the following five initiatives will
accelerate the composition of a Hydrogen value chain between India and Japan: (1) increasing the
Indian governmental support for subsidies for Hydrogen production, (2) increasing financial support
to lower capital costs, (3) ensuring a business environment to lower uncertainty about future costs,
(4) promoting efforts to visualize the value of carbon credits such as JCM, and (5) visualizing the
value of diversification of energy procurement sources for Japan. A graphical abstract is to follow.
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1. Introduction

Hydrogen is being researched and developed around the world as a technology that
reduces greenhouse gas (GHG) emissions and improves the flexibility of the entire energy
system because of its characteristics that enable load shifting of fluctuating renewable
energy generation and utilization of low-carbon energy in areas and time periods where
it has been difficult to utilize renewable energy [1,2]. Japan formulated the world’s first
national Hydrogen strategy, the Basic Strategy for Hydrogen, in 2017, and hosted the
Hydrogen Energy Ministerial Meeting (HEM) in 2018, continuing its contribution to the
utilization of Hydrogen in the world [3]. After the formulation of the Basic Strategy for
Hydrogen, Japan formulated the Sixth Basic Energy Plan, which stipulates that hydrogen
and Ammonia will account for about 1% of the power supply mix in FY2030, positioning
Hydrogen and Ammonia from a new energy source for the future to an energy source that
will also play a part in the power supply [4]. For Japan to achieve carbon neutrality by
2050, the Basic Hydrogen Strategy has been revised as a guideline to clarify the recognition
of issues and the policy for initiatives, while providing a common vision between the
government and the private sector, showing a strong commitment to the early creation
of a Hydrogen society. In this new strategy, Japan reaffirms its goal of introducing up to
3 million tons of Hydrogen per year in 2030 and about 20 million tons of Hydrogen per
year in 2050. The meeting also set a target of 12 million tons per year for the introduction of
Hydrogen by 2040 and presented specific policies for efforts toward the establishment of a
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global Hydrogen supply chain and the promotion of development to stimulate demand for
Hydrogen. In addition, in establishing a Hydrogen value chain, the Japanese government
has emphasized the importance of expanding demand in Japan and securing stable supply
routes from overseas and will actively procure Hydrogen from outside of Japan. They
have also begun discussions on preparing a specific incentive system to promote the
procurement of Hydrogen from overseas. In particular, it has been specified that a scheme
will be established to provide long-term support for operators, who plan to start supplying
Hydrogen and Ammonia as first runners, by providing a subsidy which fills the price gap
between the price of Hydrogen and Ammonia from overseas and the parity price of the
existing fuel [5].

As the most recent discussion, the Japanese government announced its policy to
achieve “Green Transformation” in August 2023, in which the government will issue
20 trillion JPY of green bonds and take measures to promote investment by the private
sector, thus bringing a total of 150 trillion JPY (=1.15 trillion USD) in government and
private sector investment to the area to achieve a realistic energy transition. Hydrogen
is positioned as an essential technology for Japan to create a realistic energy transition.
The policy also states that the Japanese government budget for FY2024 will provide the
necessary funds for the establishment of a Hydrogen and Ammonia supply chain [6].

India, which is actively introducing Hydrogen technology and has highly competitive
renewable energy power generation potential, could be an important partner for Japan in
contributing to the establishment of a global Hydrogen value chain. The two countries
have similar interests in Hydrogen technology, and synergies can be expected through
mutual technological cooperation [7]. Currently, while there are existing studies on the
economic evaluation of Hydrogen imported by Japan from regions such as ASEAN, the
U.S., and the Middle East, there are no existing studies that have focused on regions with
high potential for hydrogen production, especially from India. This study deepens the
economics of transporting Hydrogen from India to Japan, which could be one of the key
elements for Japan and India to establish a global Hydrogen value chain. Specifically, this
study visualizes the challenges in establishing a supply chain between India and Japan for
the transportation of Hydrogen produced in India from renewable energy sources to Japan,
by finding: (1) an overview of the practical supply chain based on current regulations and
policy measures and (2) the cost of establishing a supply chain and identifies the challenges
for establishing a supply chain from India to Japan.

In order to visualize the reference price of Hydrogen from India to Japan, this paper
provides a discussion of the most expected value chain for transporting Hydrogen from
India to Japan and makes assumptions regarding the price of Hydrogen if this value chain
is established. Section 2 discusses particularly promising Hydrogen production methods,
Hydrogen production locations in India, and Hydrogen transportation pathways. Section 3
then examines the cost of Hydrogen production in India and the cost of converting it to
Ammonia, a promising carrier of Hydrogen, and transporting it to Japan. In Section 4,
based on the results obtained in Section 3, the price of Ammonia arriving in Japan will
be verified, and Section 5, based on these results, identifies challenges in transporting
Hydrogen from India to Japan and necessary future measures are discussed.

2. Assumptions for a Practical Hydrogen Supply Chain between India and Japan
2.1. Assumptions Regarding Hydrogen Production Methods

With regard to Hydrogen production methods, of the 95 million tons of Hydrogen
produced worldwide in 2022, 83.5 percent is produced by reforming fossil fuels into gas and
extracting Hydrogen from the gas. Hydrogen produced by introducing Carbon Capture,
Usage and Storage (CCUS) technology into the reforming process, a method that is expected
to reduce Carbon Dioxide (CO,) emissions, and accounts for 0.6% of the total production
and only 0.1% of the Hydrogen produced from electricity [8]. Thus, at present, reforming
fossil fuels to produce Hydrogen is the most mature method of Hydrogen production in the
world. A previous study on the economics of imported Hydrogen has studied hydrogen
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supply chains in the Asia Pacific Economic Cooperation (APEC) region and included
countries such as the United States, Australia, and Indonesia, which can produce Hydrogen
from fossil fuels. The analysis was conducted on both fossil fuel-derived and renewable
energy-derived Hydrogen [9].

On the other hand, India is a fossil fuel-importing country that depends on imports
from abroad for 75% of the Crude Oil consumed in the country as of 2019, and there is little
incentive to produce fossil fuel-derived Hydrogen in India and export it abroad [10]. In
addition, the Indian government announced a Hydrogen promotion policy, “National Green
Hydrogen Mission”, which essentially focuses on Hydrogen production from renewable
energy sources [11]. Based on these discussions, it is assumed in this study that Hydrogen in
India will be derived from renewable energy sources with respect to the production method.

2.2. Assumption of Hydrogen Production Point

Regarding the Hydrogen production sites, the study should be conducted in selected
states where wind and solar power generation is being introduced because the price of elec-
tricity has a very strong influence on the activity of investment in Hydrogen [12]. Promising
ports should be located for stable transportation of Hydrogen. In view of the renewable
energy potential and actual deployment, Gujarat, Maharashtra, Rajasthan, Karnataka, and
Andhra Pradesh are the most promising states [7]. Among these, Gujarat is the state with
the highest energy consumption in India, especially in terms of o0il and electricity, and
thus has a high potential demand for Hydrogen with energy storage capabilities and the
largest refinery owned by a private company located in India [10]. In addition, regarding
the availability of ports that can serve as hubs for Hydrogen, the Indian government has
submitted a Green Port Policy, which is beginning to designate priority ports in India where
the use of renewable energy is being intensively promoted. Among the priority ports, the
port of Kandla, located in Gujarat, is treated as a particularly important hub, and more
central government support for infrastructure development is expected in the future [13].
Based on these considerations, this study focuses on a case in which Hydrogen produced
from electricity derived from renewable energy sources generated in Gujarat is transported
to Japan.

2.3. Assumption of Hydrogen Carriers

New technologies for Hydrogen storage and transport are still being developed and
many possibilities are being explored. For example, a study published in 2022 reviewing the
latest technologies for Hydrogen storage and transport identified Compressed Hydrogen,
Liquid State, Cryogenic Compress, Solid Storage, Ammonia, and Liquid Organic Hydrogen
carriers were listed as candidates for Hydrogen carriers [14]. On the other hand, the Energy
Technology Perspectives 2023, issued by the IEA, describes liquid Hydrogen, Ammonia,
and Liquid Organic Hydrogen Carriers (LOHCs) like Methylcyclohexane as realistic ways
of shipping Hydrogen in 2030 [15]. Similarly, the International Renewable Energy Agency
(IRENA) has produced a report on Hydrogen that focuses on three similar options for
Hydrogen carriers in 2023, when transportation is assumed [16]. There is also a study
published in 2022 that shows that Ammonia is also the cheapest option as a carrier to
transport Hydrogen produced in Australia [17]. When considering long-distance marine
transport of Hydrogen by ship, liquefied Hydrogen transport, the organic chemical hydrate
method, or transport as Ammonia have been considered as the de facto options for a
long time [18].

Toluene, which is used in the organic chemical hydrate process, and Ammonia can
be transported by existing chemical tankers or liquefied gas carriers, respectively, and
regulations and standards for carriers are well established [15]. On the other hand, there are
no corresponding regulations for the transport of liquefied Hydrogen, and the development
of these regulations is essential for the transport of liquefied Hydrogen from India to Japan.
Liquefied Hydrogen is a type of liquefied gas, and its transport by sea is required by the
International Code of the Construction and Equipment of Ships in Bulk (IGC Code) issued



Hydrogen 2023, 4

964

by the International Maritime Organization (IMO). However, the current IGC Code does
not cover liquefied Hydrogen. Against this background, the IMO has issued a provisional
recommendation for the carriage of liquefied Hydrogen in bulk. In the case of actual
transportation of liquefied Hydrogen from India to Japan, the flag state of the vessel
involved in the transportation and the port authorities of India and Japan, where cargo
handling will take place, should conclude a trilateral agreement based on a provisional
assessment and establish appropriate preliminary conditions of carriage in accordance with
the principles of the Code. The carriage of liquefied Hydrogen between specified ports may
be possible by establishing appropriate preliminary conditions of carriage in accordance
with the principles of the Regulations [19]. Therefore, if the transportation of liquefied
Hydrogen between India and Japan is to be oriented, it is expected to face not only technical
and economic challenges but also institutional challenges, which will necessitate additional
time to start transporting Hydrogen.

Unlike other carriers facing technical and institutional challenges, the number of
projects to transport Hydrogen using Ammonia as a carrier has been steadily accumulating.
In fact, in its 2022 report, the International Energy Agency (IEA) reported that most export-
oriented hydrogen projects announced to the public in the two years prior to 2022 selected
Ammonia as the Hydrogen carrier. The IEA, as well as other previous studies studying the
economics of the Hydrogen supply chain, have argued for the superiority of Ammonia as a
Hydrogen carrier [20-23]. When liquid Hydrogen, LOHC, and Ammonia are compared
as Hydrogen carrier options in light of the long range from India to Japan, approximately
13,000 km, estimates show that they are the least expensive transport options in the 2030
cross-section. [15]. Furthermore, a report by NITI Aayog, a policy body of the Indian
government, also assumes that Ammonia will be the main hydrogen carrier for Hydrogen
for export [24]. Considering these factors, this study will focus on analyzing the case of
Ammonia transportation as the most expected form of Hydrogen transportation in the
near future.

3. Assumptions in Calculating the Cost of Ammonia Produced in India

The cost of Ammonia supply arriving in Japan is calculated as “Price of Ammonia ar-
riving in Japan (Cost and Freight) = Free on-board price (price of shipment from production
site) + transportation cost”, and analysis is conducted for each of the prices of Ammonia at
the production site and the transportation cost.

3.1. Assumptions Related to Cost Calculations for Hydrogen Production

Although research and development of new technologies for water electrolyzers
are continuing around the world, by the end of FY2022, 700 MW of electrolyzers had
been installed worldwide, 60% of which are alkaline electrolyzers and 30% are Polymer
Electrolyte Membrane (PEM) electrolyzers [8]. In 2023, China installed a large number of
alkaline electrolyzers, but PEMs have the ability to convert renewable energy fluctuations
into Hydrogen more efficiently and are expected to be installed more frequently in the
future [8,25]. Regarding the cost of the water electrolysis system, since it is assumed that
in the future as much renewable energy as possible will be converted to Hydrogen and
transported to Japan, the cost will be estimated based on the assumption that the PEM,
which has the highest Hydrogen production efficiency among the currently established
technologies, will be introduced [26]. Regarding foreign exchange and financing costs,
previous studies estimating Hydrogen transportation costs from the APEC region have
studied costs with a fixed value of 5% discount rate, 1.4% tax rate, 15-year depreciation
period, and 100% equity ratio [9]. In this study, the following assumptions were made to
set values that are as realistic as possible in India’s recent business environment.

(1) Depreciation period: The depreciation period is assumed to be 15 years, which is the
typical depreciation period for plants in India [27].

(2) Equity ratio: The capital adequacy ratio is assumed to be 60%, which is the upper
limit of the loan ratio under the standard loan terms and conditions of the Japan Bank
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for International Cooperation (JBIC), and the interest rate is set at 3%, assuming a
foreign currency premium and a minimum risk premium on top of the standard loan
rate [28].

(3) Equity Internal Rate of Return (EIRR): The EIRR value is assumed to be 9%, following
the analysis conducted by the Ministry of Economy, Trade and Industry of Japan
(METT) on fuel Ammonia [29].

(4) Inflation rate: For the inflation rate, we assume 4.54%, which is the weighted average
of the 2017-2022 inflation rate in India [30].

(5) Taxrate: The tax rate is set at 5%, assuming that the same tax rate as for general gas
and biogas will be set in the future [31].

(6) Exchange rate: For the exchange rate from USD to INR, 1 USD = INR 80 is applied,
which is the average value for FY2022 [32].

(7) Costs associated with water electrolysis equipment: The model of the Department of
Energy, The United States of America (DoE) is used to calculate the costs associated
with the production of hydrogen. Therefore, following the model’s main assumptions,
a production capacity of 530 tons of H? per year, an electricity consumption intensity of
55.8 kWh/kg H2, a service life of 20 years, and a Total Uninstalled Capital (2016$/kW)
value of 599 USD have been used [33].

(8)  Electricity prices: In India, renewable energy capacity is growing rapidly, with both the
central and state governments providing incentives, especially for solar PV capacity
expansion. As of May 2022, 160 GW of capacity has been installed and will continue
to expand [34]. In this study, the price of Hydrogen produced entirely from renewable
energy sources will be studied. It is assumed that the cost of electricity input to the
water electrolysis system is equivalent to the cost of renewable energy generation.
The following two assumptions are made regarding the cost of electricity, which has
the greatest impact on the price of hydrogen production.

(i)  The case for using highly competitive renewable energy sources (Competitive
case): The recent Gujarat Electricity Regulatory Commission (GERC) renewable
energy buyback prices are INR 2.51 (=0.031 USD)/kWh for 860 MW of solar
power as of May 2023 and INR 2.84 (=0.036 USD)/kWh for 500 MW of wind
power as of December 2022 [35,36]. Referring to these prices and assuming half
solar and half wind power, this study assumes an electricity tariff of INR 2.675
(=0.033 USD)/kWh.

(ii)  The case for using average price sources (average case): As a case using average
electricity rates, this study refers to a general electricity purchase price of INR
5.22 (=0.065 USD)/kWHh, as published by Paschim Gujarat Vij Company Ltd.
which operate their business in Gujarat State, India [37].

3.2. Costs Related to Hydrogen Production

For the calculation of the Hydrogen price, the Hydrogen Production Cost from the
PEM Electrolysis model published by the DoE was used as a reference [33]. Assuming
conditions 3.1.(1) through 3.1.(8) and calculating costs based on the DOE model, the cost
of producing Hydrogen is 2.72 USD/kg-H? in case 3.1.(8) (i) and 4.54 USD/kg-H? in case
3.1.(8) (ii).

The IEA report describes that electricity prices from renewable energy sources account
for 25% to 40% of the hydrogen price. In addition, the lower limit of the price of Hydrogen
produced from onshore wind and solar power is estimated to be approximately 4 USD/kg-
H? in FY2022 [8]. The IRENA report estimates Hydrogen prices in 2020 in the range
of 3 USD/kg-H2 to 4.5 USD/kg-H2 and this result is also close to the range of current
estimates [38].

As factors to be noted that may affect the price to a certain degree, the land cost for the
location where the water electrolysis-related facilities will be installed is not entered, and
the engineer’s cost refers to the value assumed for production in the United States. Other
factors that should be noted that have little impact on the price are that the price of water
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required for Hydrogen production is assumed to be the price of water in the U.S. and that
the price of waste is not entered. And, the cost of desalination is not included, which will
not have much impact on the estimation since it will be a very small portion of the overall
cost of Hydrogen production [25].

3.3. Costs Associated with the Conversion to Ammonia

Regarding the conversion to Ammonia, three patterns are considered in a previous
study that analyzed the economics of Ammonia produced via a water electrolyzer and
the Haber-Bosch process: a large plant (2000 mt (million tons)/day), a medium plant
(545 mt/day), and a small plant (91 mt/day) [39]. Following the study’s example, capital
costs are assumed to be 34 USD for the large plant, 51 USD for the medium plant, and
66 USD for the small plant per mt-NH?3/day. In addition, O&M costs are assumed to be
13 USD for large plants, 36 USD for medium plants, and 77 USD for small plants. Table 1
summarizes the main assumptions from Sections 3.1-3.3.

Table 1. Main assumptions for calculating the cost of Ammonia.

Depreciation period 15 years

Equity ratio 60%

Interest Rate 3%

EIRR 9%

Inflation Rate 4.54%

Tax Rate 5%

Exchange Rate 1 USD =80 INR = 130 JPY
Capital Cost of Electrolyzer 599 USD

(Capacity: 530 mt-H? / Year)
(i) Competitive case: 0.033 USD/kWh

Electricity Cost (i) Average case: 0.065 USD/kWh
Large (2000 mt/day)
. Capital Cost: 34 USD O&M Cost: 13 USD
Ammonia Plant Cost Medium (545 mt/day)
Capital Cost: 51 USD O&M Cost: 36 USD
Small (91 mt/day)

Capital Cost: 66 USD O&M Cost: 77 USD

3.4. Cost of Transporting Ammonia

The cost of transporting Ammonia from India to Japan will be estimated by following
the assumptions made by the Public-Private Task Force on Fuel Ammonia Supply Chain
led by METT [29].

(1) Ship Type: The Very Large Gas Carrier (VLGC) is a vessel used to cool and liquefy
cargo, and its tanks are made of a special steel material that can withstand low
temperatures and are equipped with a special device called a re-liquefaction system
to keep the temperature of the cargo below the boiling point at all times [40]. This
study will follow the Task Force’s approach and assume that the ship is 84,000 m® ~
55,000 mt-NH? and that the ship is priced at USD 88 million [29]. In addition, this
study assumes the same values as the METI's task force as follows for the port charges,
average speed of ships, fuel consumption during the voyage, fuel consumption during
port calls, and fuel prices, since no significant differences are expected between hauling
from India and hauling from other countries.

(2) Port charge at loading and unloading points: USD 50,000 for the port of loading and
USD 60,000 for the port of unloading.

(8) Average speed: 16.5 knots.

(4) Fuel consumption (at sea) (heavy oil): 48 mt-Fuel Oil (FO)/day.

(5) Fuel consumption (in port) (heavy oil): 10 mt-FO/day.

(6) Fuel price (heavy oil): USD 530/mt-FO.
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(7) Distance between the Kandla port to the Tokyo port: As for the transport distance
from the Port of Kandla, Gujarat to the Port of Tokyo, it will be 6826 nm one way and
a 13,652 nm round trip [41].

Calculating transportation costs based on assumptions from 3.4.(1) through 3.4.(7),
the total time for the voyage is 36 days, considering the 5 days of anchorage required for
refueling, and the total transportation cost is 43 USD/mt-NH?. If the same calculation
method is applied to the route from the port of Chennai, which is the port nearer to Tokyo
than Kandla, the total transportation distance is 5628 nm one way and 11,256 nm round
trip, and the total time required for the voyage is 35 days, and the total transportation cost
is 36 USD/mt-NH? [42].

4. Cost of Ammonia upon Arrival in Japan
4.1. Competive Case and Average Case

For the price of Hydrogen, this study assumes a result of 2.72 USD/kg-H? in the
competitive case of 3.1.(8) (i) and 4.54 USD/ kg—H2 in the average case of 3.1.(8) (ii). Theo-
retically, the mass composition of Ammonia (NH?) is 177 kg of Hydrogen and 823 kg of
Nitrogen [43]. Following this previous study, the electricity required to generate 7.09 tons of
Nitrogen is 306 kWh, which means that the electricity required to generate 1 kg of Nitrogen
is estimated to be 0.043 kWh. The assumptions in 3.1.(8) (i) are 0.033 USD/kWh for the
competitive case and 0.065 USD/kWh for the average case. The costs, excluding equipment
required for the conversion of Hydrogen and Nitrogen to Ammonia, are as follows.

(1) Competitive case (2.72 USD/kg-H?): 1 ton of NH? = 481 USD + 0.043 kWh x 0.033
USD x 823 kg of N = 482 USD

(2) Average case (4.54 USD/kg-H?): 1 ton of NH? = 804 USD + 0.043 kWh x 0.065 USD
x 823 kg of N = 806 USD

For the conversion to Ammonia from Hydrogen, based on the results of Section 3.3,
capital and O&M costs are 34 USD and 13 USD for large plants (2000 mt/day), 51 USD
and 36 USD for medium plants (545 mt/day), and 66 USD and 77 USD for small plants
(91 mt/day), respectively, per mt-NH?3.

Regarding the transportation cost, Section 3.4 shows that the cost would be 43 USD/mt-
NH? if the cargo is transported from Kandla Port, Gujarat. If the environment for exporting
is the Chennai port, which is closer to Japan than Kandla port, the transportation cost
would be 36 USD/mt-NH®.

Based on these assumptions, the price of Ammonia exported from India ranges in
price from 565 USD/mt-NH? to 992 USD/mt-NH?2. The price of Hydrogen accounts for
most of the price, and electricity prices have a strong influence on the price of Hydrogen. It
also has a significant impact on the efficiency of Ammonia plants. The price was calculated
to be 572 USD/mt-NH? in the best-case scenario of Ammonia export from the port of
Kandla, which is assumed in this study. Table 2 shows the prices of the main factors in the
competitive case (2.72 USD/kg-H?).

Table 2. Main factors of the Ammonia arrival cost in Japan.

Electricity price 0.033 USD/kWh
Hydrogen price 2.72 USD/kg-H?
Costs associated with hydrogen and nitrogen production 482 USD

Ammonia plant size Large (2000 mt/day)

Capital cost for H-B plant and ASU unit 34 USD
(58% of full gas-based H-B plant)

O&M expenses for H-B plant (58% of full gas-based H-B plant) 13 USD
Port Kandla
Transportation 43 USD
Total (USD/mt-NH?) 572 USD
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4.2. Discussions

With regard to the import price of fossil fuel-derived Ammonia in Japan, there are
previous studies showing that the cost of imports from Saudi Arabia is 131 USD/mt-
NH?, 301 USD/mt-NH? from China, and 338 USD/mt-NH? from the United States. And
METI estimates that in 2022, Ammonia made from natural gas with CO, captured during
production will be 339 USD/ mt-NH? from the Middle East, 413 USD/mt-NH? from North
America, and 429 USD/mt-NH? from Oceania in 2030 [20]. Considering the results in
Section 4.1, the price of Ammonia from India is relatively expensive, even in the competitive
case [44]. Therefore, even if the conditions of the average case are not met, there will be no
price competitiveness for Hydrogen imported from India.

This study has already adopted a CAPEX price of 599 USD/kW for water electrolyzers,
which is almost the same as the IEA’s estimate of 600 USD/kW, the optimistic figure to
be met in 2030, and it is difficult to realistically assume further price reductions [8]. In
addition, the CAPEX cost assumes the maximum support that JBIC can provide, and it is
not possible to assume a further price decline. Therefore, this estimation is already based
on an optimistic scenario [28].

One factor that would make the price even lower than the competitive case is that
in 2020, India recorded a price of INR1.99 (=0.025 USD)/kWh for solar energy, and it can
be assumed that the price of renewable energy will be lower than 0.033 USD/kWh [45].
On the other hand, in the optimistic scenario, even if the price of Hydrogen delivered to
Japan were to drop by 20% from the price estimated in Section 4.1, the price would not be
competitive with Hydrogen delivered from the United States or the Middle East. Therefore,
to facilitate hydrogen transportation between India and Japan, it is essential to reduce the
price difference. To reduce the price gap, it is necessary to take both measures to lower the
price and to add concrete evaluation value to the hidden value of Hydrogen from India
that has not yet been identified.

5. Necessary Policy Support in Transporting Ammonia from India to Japan
5.1. Measures to Reduce the Price of Hydrogen

As analyzed in Section 4, various factors will affect the competitiveness of Ammonia
produced in India until it is transported to Japan after Hydrogen is produced in India
and converted to Ammonia. It will be important to accumulate measures to reduce prices
and increase price predictability. The National Green Hydrogen Mission, announced in
January 2023, outlines the Strategic Intervention for Green Hydrogen Transition (SIGHT)
program with a budget of Rs. 174.9 billion (=14 billion USD) to provide different financial
incentives for domestic production of water electrolysis equipment and Hydrogen produc-
tion, respectively [11]. Subsequently, the Indian government announced a specific support
measure: an incentive for Hydrogen production. The specific amount of the incentive is to
be granted up to INR 50 (=0.625 USD)/kg-H? for the first year, INR 40 (=0.5 USD)/kg-H?
for the second year, and INR 30 (=0.375)/kg-H? for the third year. Bidders must spec-
ify their annual production capacity of Hydrogen derived from renewable energy and
the incentive amount (in INR per kilogram) they are seeking. Eligible bidders will be
allocated production capacity based on the lowest average incentive amount requested
in INR per kilogram [46,47]. This incentive for Hydrogen production is relatively weak
compared to the incentive in the United States, which could be a competitor as a producer
of Ammonia derived from renewable energy. In the “Hydrogen Shot” policy, launched
in June 2021, the U.S. government announced a goal of 1 USD per kg of clean Hydrogen
within 10 years [48]. And, to expand the use of Hydrogen in the industrial sector, the
Inflation Reduction Act has put forth a 10-year tax credit for clean Hydrogen production,
with a maximum credit of 3 USD/ kg-H2 [49]. In the initial phase, it is envisioned that the
Indian government’s strengthening of incentives for Hydrogen production to encourage
the participation of private companies will be a very important factor in the early creation
of Hydrogen transportation between the two countries.
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Financial support also needs to be enhanced. Since Hydrogen production is a very
capital-intensive project, it is estimated that if the capital cost increases from 5% to 10%, the
final cost of hydrogen production will increase by 40% [8]. In this case, this study assumed
a case in which JBIC’s support was fully utilized, but the cost of capital in India is generally
very high. A survey indicates that the average rate for equity financing is about 14% [50].
The cost of financing certainly affects the cost of Hydrogen production from renewable
energy sources.

In addition to providing direct governmental support like subsidies and financing,
visualizing peripheral costs and increasing the predictability of project costs will also
contribute to the promotion of Hydrogen production in India. For example, the issue of
securing land for a site is recognized as a challenge for Japanese companies to implement
projects in India due to the difficulty of land expropriation. In fact, Japanese government
think tanks, private think tanks, and industry associations have all identified this challenge
as a difficult issue in implementing projects in India [51-53]. During the calculations based
on the DoE model used for this estimation, land-expropriation cost has only a relatively
small impact on the final price of Ammonia compared to the electricity price [33]. Rather
than lowering the expropriation costs, it is expected that clear visibility of the site ex-
propriation costs and increased predictability of the project, such as a guarantee by the
government, would strongly encourage project implementation. In India’s National Green
Hydrogen Mission, the central government of India encourages the state governments to
implement policies for the provision of land and water, suitable tax and duty structures,
and other measures to facilitate the establishment of Hydrogen projects [11]. Prompt imple-
mentation of such initiatives by state governments would facilitate the implementation of
Hydrogen projects.

5.2. Measures to Visualize Values That Have Not Been Visualized and to Add Concrete Evaluation

It is important to enable the trading of Ammonia derived from renewable energy
sources produced in India with a specific price attached to its value. In particular, the aspects
of contributing to the reduction of GHG emissions and improving Japan’s energy security
should be evaluated as important values, and it is necessary to create an environment in
which trading can take place.

First, focusing on the low level of carbon intensity, the creation of a carbon credit
system in a bilateral setting that specifically values the amount assessed for the GHG
to be reduced will undoubtedly contribute to closing the price gap. The Joint Crediting
Mechanism (JCM) is a system to quantitatively evaluate the GHG emission reductions and
removals achieved through the diffusion of superior decarbonization technologies and
other measures implemented in cooperating countries [54]. If the JCM scheme is concluded
between India and Japan, it will provide an incentive for private companies that are willing
to achieve carbon neutrality to implement Hydrogen projects in India, since the CO,
reduced by Hydrogen-related technologies will be authorized. Currently, some companies
are beginning to charge a price of about 150 USD per ton of CO; reduction, and the JCM
scheme will make a strong contribution to justifying the implementation of hydrogen
projects in India by private companies from an economically rational point of view [55].
Japan has been holding discussions on the JCM with the countries concerned since 2011
and has established the JCM with 27 countries as of July 2023. Although an aide-memoire
was signed in New Delhi, India, in March 2023 between the Ministry of Environment of
Japan and the Ministry of Environment, Forests and Climate Change of India confirming
the intention to establish the JCM, the scheme has not yet come into effect [56]. The issuance
of the JCM will not only visualize the economic value of GHG reductions but will also
contribute to the technology transfer of Hydrogen-related technologies from Japan to India.
The Japanese government has contributed subsidies for overseas demonstrations using
JCM and is promoting the quantification of GHG emission reductions and absorption by
technologies and systems that contribute to GHG reductions. This can generate benefits for
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both India and Japan that will facilitate the transfer of necessary Hydrogen technologies
from Japan to India and create business opportunities in India [57].

METI has announced the creation of a support system focusing on the difference
between the cost of supplying Hydrogen and Ammonia and the selling price to consumers,
with the aim of enhancing investment predictability for suppliers and establishing a large-
scale supply chain on a private basis. It is anticipated that this program will promote the
importation of Hydrogen by providing the government with compensation for the differ-
ence between the cost of supplying Hydrogen and the price at which it is sold to consumers.
In addition to the cost of supplying Hydrogen per unit volume, the requirements for
projects eligible for this program include economic independence at the end of the support
phase, safety of the supply chain from production to transportation, compliance with CO,
emission thresholds (environmental friendliness), compliance with safety standards, and
certainty of future business creation [58]. One of the crucial values of Ammonia produced
in India is that it is derived from renewable energy sources and is less subject to price fluc-
tuations caused by external factors than fossil fuels. In addition, the risks associated with
transport routes, such as the Strait of Hormuz, are relatively low compared to transporting
Ammonia from the Middle East. Energy that can be transported without passing through
the Strait of Hormuz is highly valuable to Japan and should be considered as an evaluation
factor in METI's proposed support program to promote Hydrogen imports [59]. In addition,
the United States, the Middle East, and Australia, which are currently being considered as
potential Hydrogen supplier countries, are all oil-producing countries, and new Hydrogen
imports from these countries would not contribute to the diversification of Japan’s energy
procurement. Importing Hydrogen from India, which is not an oil-producing country,
would contribute to the diversification of Japan’s energy supply sources, and this point
should be taken into consideration.

6. Conclusions
6.1. Learned from This Study

This study visualizes the costs and economic issues involved in transporting Ammonia
from the state of Gujrat in India to Japan and discusses the necessary policy supports for
establishing a Hydrogen supply chain between the two countries, based on the assumption
that Ammonia is the most efficient carrier of Hydrogen given the current level of technology.
If Hydrogen production is conducted in Gujarat, which is considered to have high potential
for Hydrogen production in India, Ammonia production is conducted by Haber-Bosch
at a large-scale Ammonia plant, and Ammonia is transported from the port of Kandla to
Tokyo Bay, the price of Ammonia at the port of Tokyo can be reduced to 572 USD/mt-
NH? if highly competitive renewable energy is utilized. In fact, the price of electricity to
produce Hydrogen accounts for a large portion of this overall price, confirming once again
that electricity prices have a very strong influence on the price of Hydrogen. The import
price of Ammonia in Japan, which is derived from fossil fuels with CO, removed in the
manufacturing process, was 339 USD/mt-NH? from the Middle East, 413 USD/mt-NH?
from North America, and 429 USD/mt-NH? from Oceania in 2030, making the price of
572 USD/mt-NH? for Indian Ammonia relatively expensive (Table 3 shows this summary.).

Table 3. The price of Ammonia arrival in Japan.

Place of Origin Price
The Middle East 339 USD/mt-NH?
The United States 413 USD/mt-NH?3
Oceania 429 USD/mt-NH?>
Gujarat, India 572 USD/mt-NH?

Efforts such as (1) increasing the Indian governmental support for subsidies for Hy-
drogen production, (2) increasing financial support to lower capital costs, (3) ensuring a
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business environment to lower uncertainty about future costs, (4) promoting efforts to visu-
alize the value of carbon credits such as JCM, and (5) visualizing the value of diversification
of energy procurement sources for Japan are necessary. Once these initiatives are carried
out, the value of Hydrogen produced in India will be evaluated in monetary terms, and the
possibility of competing with Hydrogen produced in other candidate countries will increase
(Figure 1 shows this competitive structure with Hydrogen produced in other countries.).

572USD/mt-NH3

(1) Subsidies from the Indian government for Hydrogen production

(2) Financial supports from the both governments

(3) Ensuring a business environment to lower uncertainty about future costs

(4) Promoting efforts to visualize the value of carbon credits

(5) Visualizing the value of diversification of energy procurement

-

339USD~429USD/mt-NH? in 2030

Figure 1. Competitive structure with Hydrogen produced in other countries.

6.2. Future Works

In the future, technological innovations are expected, especially in storage and trans-
port technologies. As the IEA has estimated, the amount of Hydrogen transported by
liquefied hydrogen will increase by 2030. Japanese companies are also developing ships
that can transport liquefied Hydrogen, as well as fuel vehicles, Hydrogen turbines, and
other technologies that require high-purity Hydrogen. Although, it is necessary to consider
the legal issues faced when transporting Hydrogen from India using liquefied Hydrogen
as a carrier, and the costs involved should be estimated in the future because it could be
one of the prospective Hydrogen carriers [15,17,60-62].

Technological risk, which has a significant impact on prices, also needs to be reflected
in the estimation method based on the results of future demonstration experiments around
the world and the latest trends in technological development. This study assumed a case in
which there is already a demonstration case, but it is necessary to appropriately reflect new
technological risks that may arise in the phase of future large-scale production. In addition
to this, with regard to PEM, the technology used for manufacturing, factors that may cause
a large deviation from the current estimation include (1) the possibility of a significant
model change and (2) the risk that if there is no development from the current technology,
platinum-based precious metals such as iridium will be required as components, and the
price will not fall easily [25,63]. Detailed mathematical estimates, including risk scenarios,
should also be made as future technological trends become clearer.

Ammonia produced in India could be relatively expensive as of now compared with
Hydrogen imported from other regions such as the U.S. However, Hydrogen from India is
derived from renewable energy and thus has a high contribution to greenhouse gas (GHG)
reduction. Also, Hydrogen has low transportation risk along transportation routes, and it
contributes to the diversification of energy procurement in Japan. Research is needed to
visualize the currently un-visualized value of Hydrogen imported from India. For example,
If the positive impact of Indian Hydrogen on GHG reduction in Japan as a whole can be
visualized, it is expected that the value of Hydrogen transported from India will be more
appropriately evaluated.
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